This paper presents a probabilistic, multimedia, multipathway exposure model and assessment for chlorpyrifos developed as part of the National Human Exposure Assessment Survey ( NHEXAS) . The model was constructed using available information prior to completion of the NHEXAS study. It simulates the distribution of daily aggregate and pathway -specific chlorpyrifos absorbed dose in the general population of the State of Arizona ( AZ) and in children aged 3 ± 12 years residing in Minneapolis ± St. Paul, Minnesota ( MSP) . Pathways included were inhalation of indoor and outdoor air, dietary ingestion, non -dietary ingestion of dust and soil, and dermal contact with dust and soil. Probability distributions for model input parameters were derived from the available literature, and input values were chosen to represent chlorpyrifos concentrations and demographics in AZ and MSP to the extent possible. When the NHEXAS AZ and MSP data become available, they can be compared to the distributions derived in this and other prototype modeling assessments to test the adequacy of this pre -NHEXAS model assessment. Although pathway -specific absorbed dose estimates differed between AZ and MSP due to differences in model inputs between simulated adults and children, the aggregate model results and general findings for simulated AZ and MSP populations were similar. The major route of chlorpyrifos intake was food ingestion, followed by indoor air inhalation. Two -stage Monte Carlo simulation was used to derive estimates of both interindividual variability and uncertainty in the estimated distributions. The variability in the model results reflects the difference in activity patterns, exposure factors, and concentrations contacted by individuals during their daily activities. Based on the coefficient of variation, indoor air inhalation and dust ingestion were most variable relative to the mean, primarily because of variability in concentrations due to use or no -use of pesticides. Uncertainty analyses indicated a factor of 10 ± 30 for uncertainty of model predictions of 10th, 50th, and 90th percentiles. The greatest source of uncertainty in the model stems from the definition of no household pesticide use as no use in the past year. Because chlorpyrifos persists in the residential environment for longer than a year, the modeled estimates are likely to be low. More information on pesticide usage and environmental concentrations measured at different post -application times is needed to refine and evaluate this and other pesticide exposure models.
Introduction
Risk assessments in support of environmental decision making routinely consider the combined impact of all pathways of exposure. In evaluations of risk assessment procedures used by the federal government, the National Academy of Sciences has encouraged multimedia assessments ( NRC, 1993 ( NRC, , 1994 . These recommendations are reflected in the Food Quality Protection Act of 1996, which requires that assessments supporting pesticide tolerance levels and registrations consider aggregate exposures by all non -occupational pathways. This paper describes a probabilistic, multimedia, multipathway exposure model and assessment for chlorpyrifos developed as part of the United States Environmental Protection Agency (U.S. EPA) National Human Exposure Assessment Survey ( NHEXAS). Model predictions are for individuals in the NHEXAS, Arizona (AZ) and Minneapolis ± St. Paul ( MSP) studies (Lebowitz et al., 1995; Pellizzari et al., 1995) . Other pre -NHEXAS assessment models have also been developed for benzene ( MacIntosh et al., 1995a,b) as a prototype for volatile organic compounds (VOCs) and for lead ( HSPH, 1997 ) as a prototype for metals. Chlorpyrifos was selected as a prototype pesticide for NHEXAS because it is produced in high volume and because it has many uses and exposure pathways.
The pre -NHEXAS chlorpyrifos model estimates aggregate absorbed dose as well as route -and pathway -specific exposures. When the NHEXAS data become available, the distributions developed and modeled in this and other prototype modeling assessments will be compared to the results obtained using the questionnaire and measurement data obtained for individuals in NHEXAS AZ and MSP studies in order to test the adequacy of this initial model assessment.
Model structure and methods
The model (coded in SAS for PC) has been constructed to simulate the distribution of chlorpyrifos absorbed dose in the general population of the state of AZ and of children between the ages of 3 and 12 years residing in the MSP, Minnesota metropolitan region. For each realization in a model simulation, an individual time ± activity pattern diary is randomly selected with replacement from diaries from the National Human Activity Pattern Study (NHAPS) ( Robinson and Thomas, 1991) and the Children's Activity Pattern Study in California (CAPS) (CARB, 1991) in the appropriate age ±gender category. This time ±activity pattern diary is considered the simulated individual's time ± activity pattern from which percent of time spent indoors, outdoors, or at work is derived. Two -stage Monte Carlo simulation (Bogen and Spear, 1987; IAEA, 1989; MacIntosh et al., 1995b ) is used to derive estimates of both inter-individual variability in the population and uncertainty in the estimated empirical chlorpyrifos absorbed dose distributions in the NHEXAS study populations. After age and gender are randomly sampled from U.S. Census demographic distributions for AZ or MSP, the model randomly samples from uncertainty probability distributions for each parameter in pathwayspecific equations to estimate absorbed dose for a sampled individual. In the first stage, a value is obtained from the uncertainty distribution of each model parameter. In the second stage, given the distribution parameter values obtained in the first stage, repeated realizations from the exposure factor distributions are generated. The entire process of a single sampling from the uncertainty distributions, followed by repeated sampling from the exposure factor distributions, is referred to as a simulation ( see Figure 1 in MacIntosh et al., 1995b) . A single chlorpyrifos exposure model run consisting of 100 empirical chlorpyrifos exposure distributions, each comprised of 1000 samples from the simulated population, produces a family of population chlorpyrifos exposure distributions. Uncertainty is described by the distribution of estimates for a specific percentile derived from the 1000 empirical distributions. The selection of the number of populations ( 100) for the two-stage Monte Carlo simulations was based primarily on MacIntosh et al. (1995b) and on computer run time considerations. The 1000 samples for each population were based on a relative error of less than 10% for overall absorbed dose. Single-stage analyses presented in the paper involved 10,000 simulations for a more detailed analysis.
The model estimates the distribution of a single day of absorbed dose in the populations because that is the time period that most closely conforms to the NHEXAS studies. Most samples, including the soil, dust, drinking water, and the AZ food samples, were collected on 1 day; the exceptions are the air samples, which reflect 3 days of exposure in AZ and 6 days of exposure in MSP, and the MSP diet sample which is a 4 -day integrated sample. Model estimates were obtained separately for homes with and without chlorpyrifos use in the last 12 months (i.e., for chlorpyrifos users and potential non-users) .
Exposure Routes and Pathways
This pre -NHEXAS chlorpyrifos exposure model calculates absorbed dose in blood incurred via the inhalation, dietary ingestion, dermal contact, and non-dietary ingestion routes. Six media (outdoor soil, indoor dust, air, food, water, and pesticide residues from professional or consumer applications in and around the residence) and five generic locations (residential indoors with pesticide application in past year, residential outdoors with pesticide application in past year, residential indoors without pesticide application in past year, residential outdoors without pesticide application in past year, and workplace) were considered for inclusion in the model for 30 possible exposure pathways; however, a total of 14 pathways were actually coded in the model. Pathways for soil contacted indoors and dust contacted outdoors were excluded by definition; exposures from ingesting food and handling pesticide products were assumed the same for all locations; and drinking water was excluded because evidence from available literature indicates that chlorpyrifos is rarely detected in the AZ (U.S. EPA, 1992a) or Minnesota ( U.S. EPA, 1992b) water supplies. Based on data from the National Home and Garden Pesticide Use Survey (NHGPUS) ( Whitmore et al., 1992) , the following pathways believed to impact fewer than 1% of the individuals in the NHEXAS study were excluded: direct application of chlorpyrifos to the skin, exposure to chlorpyrifos on pets, exposure of the NHEXAS respondent who applies chlorpyrifos in the residence on the sampling day, and workplace exposure as a result of handling or application of chlorpyrifos. Details on the analyses conducted to eliminate these pathways for consideration are provided in ( U.S. EPA 2001) .
The pre -NHEXAS chlorpyrifos model randomly samples from chlorpyrifos concentration distributions that include measurements from different application methods and post -application time periods, so modeled population estimates correspond to a randomly sampled NHEXAS home in which pesticide use and usage information are largely unknown. Because the majority of homes sampled in NHEXAS were not likely to have had a pesticide application within several days of NHEXAS sampling, the model focuses on exposures to chlorpyrifos in dried residue, dust -bound form, or soil -bound form rather than fresh liquid residues. If there were instances of very recent applications, then a significant contribution of absorbed dose for individuals in those homes could come from dermal contact with and non-dietary ingestion of liquid residues, as described in Zartarian et al. (2000) .
Equations
For each pathway, the model estimates the amount of chlorpyrifos ingested, inhaled, or applied to the skin ( potential dose) and the amount of chlorpyrifos absorbed and available for interaction with biologically significant receptors (the absorbed dose) . Individual doses are defined by an individual's exposure durations, intake or contact rates, and the chlorpyrifos concentrations in the media associated with each pathway. Since the amount of chlorpyrifos that enters the body is dependent on the rate of absorption across different boundaries, absorbed dose is used to compute aggregate dose levels over different routes and pathways.
The general model equations for potential dose (ADD ijk ) and absorbed dose ( ABD ijk ) for individual i via intake route j and pathway k are:
expressed in units of g /kg /day ( U.S. EPA, 1992c) . The variables IR`i jk and ED ijk are intake rate and exposure duration. C ijk is the chlorpyrifos concentration to which individual i is exposed via route j and pathway k. Dose is computed as a function of body weight of individual i (BW i ). ABS ijk is the fraction of the potential dose that is absorbed through the lungs, gastro-intestinal tract, or skin. Daily personal absorbed dose for an individual is computed as the sum of absorbed doses over all routes and pathways:
where p is the number of pathways and r is the number of routes. These equations are the basis for all equations developed for the simulation model. The potential dose equations for each exposure route require some modifications of the basic equation in order to make full use of the available data. These are presented in Appendix A.
Evaluation of Uncertainty in Population Distributions
Explicit consideration of uncertainty in environmental assessments is important for understanding the range and likelihood of potential outcomes, and the relative influence of different assumptions, decisions, knowledge gaps, and stochastic variability in inputs on these outcomes ( Bogen and Spear, 1987; Iman and Helton, 1988; IAEA, 1989; Morgan and Henrion, 1990; Frey, 1992; U.S. EPA, 1992c; Taylor, 1993) . Although scenario, model, and distribution uncertainties were considered on a qualitative level, quantitative characterization of uncertainty in the chlorpyrifos exposure model is limited to parameter uncertainty . We believe that model uncertainty is less than parameter uncertainty because the exposure pathway equations used in the model are physically based and widely accepted. Scenario uncertainty, however, may be significant because current information on pesticide usage is limited. The distributions used to characterize parameter uncertainty were based on available data supplemented by the professional judgment of the authors. Uniform distributions were used to characterize parameters for which little information was found regarding their central tendency or variance. When moderate amounts of data were available, triangular distributions were typically used, representing a belief that the data contain information about the most likely true value of the parameter. When substantial amounts of data were available, uncertainty was described by the relevant distribution of the parameter estimates, typically either a normal or a lognormal distribution. Details of this approach can be found in the benzene exposure simulation analysis in MacIntosh et al. ( 1995a,b) .
Once the form of the distributions was determined, five aspects of the studies from the published literature were considered in quantifying the parameters of the uncertainty distributions: (1) degree of correspondance between the NHEXAS population and the study population (identical, overlapping, or disjoint) ; ( 2) type of sampling used in the study ( population -based, randomized, or arbitrary) ; (3) sample size; (4) focus of the study; and ( 5) age of the study. Details on methodologies for fitting distributions accounting for these considerations are given in U.S. EPA ( 2001) .
Model inputs
This section describes the data sets and assumptions used to assign values to the model inputs and the uncertainties in the parameters describing the distributions. Probability distributions for model input parameters were derived from the available literature, and input values were chosen to represent chlorpyrifos concentrations and demographics in AZ and MSP to the extent possible.
Demographic Information
The simulated population was intended to reflect the population that was sampled as part of NHEXAS: all individuals residing in AZ and MSP children between the ages of 3 and 12 years. The age ±gender bivariate distribution used in the model is derived from 1990 U.S. Census data for Region V and AZ (UMO, 1994) , and uncertainty is assumed to be zero. Age is treated as a discrete variable uniformly distributed within 5 -or 10 -year age categories.
Each individual in the population is likely to have a unique combination of activity patterns, concentrations contacted, and exposure factors. The multivariate population distribution of the exposure input variables assumes that given an individual's age and gender, exposure input variables are independent of each other and a product of univariate distributions. MacIntosh et al. ( 1995a) found that time ± activity patterns are dependent on age and gender. The chlorpyrifos exposure model uses time ±location ± activity diaries from the NHAPS (Robinson and Thomas, 1991) and the CAPS ( CARB, 1991) , population -based surveys with sample sizes of 2793 and 974 for the U.S. and California, respectively. For each realization in a model simulation, an individual diary is randomly selected with replacement from the diaries in the appropriate age ± gender category, and considered the simulated individual's time ±activity pattern from which the percent of time spent indoors, outdoors, and at work is derived. This information is needed to estimate the amount of inhalation chlorpyrifos exposure in different locations.
Activity Pattern Information

Concentrations
Chlorpyrifos Use The model assumes that the level of chlorpyrifos concentrations in air, soil, and dust (but not food) and an individual's chlorpyrifos exposure are highly dependent on whether chlorpyrifos has been used in locations where the individual spends time. Ideally, the set of exposure locations would consist of all geographic points in AZ and MSP. Because this is not feasible, a set of characteristic locations is defined as follows: (1) indoor households with chlorpyrifos application in the past year; ( 2) indoor households without chlorpyrifos application in past year (background) ; (3) outdoor households with chlorpyrifos application in the past year; and ( 4) outdoor households without chlorpyrifos application in the past year (background). Although we used commercial and resident household application designations to help determine use and potential non-use percentages of households, the model only differentiates between the two application types for specifying indoor air concentration distributions. Marginal distributions for commercial and resident applications within the past year for both indoors and outdoors (Table 1) were derived from the population -based NHGPUS ( Whitmore et al., 1992) , based on analyses discussed in U.S. EPA (2001) . The wide range of the triangular uncertainty distributions helps cover the uncertainty due to persistence and use.``Use'' and``potential non -use'' homes are defined as homes with or without chlorpyrifos in the past year to be consistent with the questionnaires in the NHGPUS and NHEXAS. Thè`p otential'' descriptor for the non -use category is included because a household that reported no chlorpyrifos use may have used chlorpyrifos beyond the 1 -year time frame, potentially resulting in detectable chlorpyrifos concentrations in the home. Other sources of household chlorpyrifos, such as spray drift from agricultural uses and track -in from the workplace of agricultural workers, are not explicitly considered in the model.
Concentration Distributions
The exposure model assumes that concentrations in air, soil, and dust are distributed lognormally (Ott, 1990) . Geometric means (GMs) used for each distribution are median values reported in the literature. Geometric standard deviations ( GSDs) were estimated by starting with the median value reported and selecting a value for the standard deviation that generates maximum values near those reported. Details on the studies and methods used to fit these distributions are given in U.S.
EPA ( 2001) .
Soil Concentrations Little information is available on chlorpyrifos concentrations in soil. Simcox et al. ( 1995) studied households of 48 agricultural workers and 11 nonagricultural families in Washington state. For both groups, approximately 20% of households had detectable levels of chlorpyrifos in soil, with the limit of detection ( LOD) at 11 ppb. The mean concentrations for households with detectable levels were 43 and 36 ppb for agricultural and non -agricultural families, respectively. Maximum values were 234 and 39 ppb, respectively. Of the agricultural workers, 84% lived within 200 ft of the orchards. Agricultural workers were further categorized as farmers and farm workers, and 13 of 23 farmers had sprayed chlorpyrifos 2 ± 3 months before sampling. Little difference was found in soil concentrations of chlorpyrifos between farmers and farm workers. Lewis et al. ( 1994) found detectable levels of chlorpyrifos in the play area soil for five of eight households. The mean concentration in homes with detectable limits was less than 10 ppb and the maximum concentration was 30 ppb. Wright et al. (1991) measured soil chlorpyrifos along the foundations of households that had been treated for termites 4 years earlier and found mean values ranging from 16 to 499 ppm, depending on housing structure. These results are considerably higher than in the other studies, probably because of the application method and because the measurements were taken directly at the application site away from typical traffic patterns.
The relatively large percentages of homes with no detectable chlorpyrifos in soil ( 80% in Simcox et al., 1995; 38 ±75% in Lewis et al., 1994) and the low levels of chlorpyrifos detected indicate that chlorpyrifos levels for potential non -use homes will be below the LOD, except in cases where the chlorpyrifos was applied and the sample taken along the foundation. For the exposure model, it is assumed that the median concentration for potential nonuse households is 6 ppb with GSD 1.4 (Table 2) to generate a range of values between 0 and $20 ppb. Based on data from Simcox et al. ( 1995) and Lewis et al. (1994) , the median for soil concentrations of use homes was assumed to be 25 ppb with GSD 2.5 ( Table 2 ) . The standard deviation chosen for use homes is slightly larger than the distribution for potential non-use homes to elevate the mean of the distribution and encompass the wide range of values found in the two studies. Because of the limited amount of information available, household and commercial applications were not distinguished for soil concentrations. Simcox et al. ( 1995) also collected dust samples from agricultural and non-agricultural households. Compared to the soil samples, chlorpyrifos in dust was nearly ubiquitous, detected in 9 of 11 non -agricultural households and 47 of 48 agricultural households, with 17 ppb LOD. The medians for non -agricultural and agricultural workers were 53 and 267 ppb, respectively. Maximum values were 483 and 3585 ppb, respectively. The mean for non -agricultural workers was 168 ppb, much higher than the median. The small sample size ( 11) and large maximum observed value ( 483 ppb) indicate that there were probably two or three large observed values and the other five or six were near or below 100 ppb. Non -agricultural households were specifically chosen to eliminate any possible workrelated contamination, either by tracking -in chlorpyrifos from a work site or by drift from nearby agricultural areas. It is assumed that households with these large values are chlorpyrifos use homes. Lewis et al. (1994) detected chlorpyrifos in dust of five of nine homes sampled. In those homes where it was detected, the mean was 1600 ppb and the maximum value was 3100 ppb. In one home with known chlorpyrifos applications, measurements decreased from 4300 to 2100 ppb over the first 2 weeks after application. Lewis et al. (1994) suggest that some of the reductions in chlorpyrifos levels were due to disruption caused by sampling. The LOD for measurements in Lewis et al. ( 1994) is not known, but could range from 50 to 1500 ppb. Camann and Buckley ( 1994) sampled chlorpyrifos in dust in an epidemiological study for leukemia in nine states of the Great Lakes area. Data from 565 households are available; 300 cases of leukemia and 265 controls. The results were reported to be fairly representative of the population in that area. The LOD for the study was 100 ppb and 67% of households had detectable levels of chlorpyrifos in dust. The median for households with detectable levels was 540 ppb and the maximum was 325,000 ppb. It is unlikely that a smooth population distribution could generate such a large percentage of households with less than 100 ppb (33%) and a median of 540 ppb for the rest of the observations. Thus, it was assumed that the data are from two distributions based on chlorpyrifos use and that households with chlorpyrifos levels less than 100 ppb have had no recent application of chlorpyrifos. This corresponds with conclusions based on data from Simcox et al. ( 1995) .
Dust Concentrations
The choice of population distributions for chlorpyrifos concentrations in dust is based on the three studies just The distributions used in the exposure model are abbreviated as follows: ln N = lognormal ( GM, GSD) ; N = normal ( mean, SD) ; Tri = triangular ( minimum, mode, maximum) ; Unif = uniform ( lower -bound, upperbound) ; Constant = constant value used; MxN = mixture of two normal distributions ( mean 1 , SD 1 , mean 2 , SD 2 , p) , where p is probability of choosing from distribution 1. described. Two assumptions were made about the population: (1) that a large percentage of households ( 85% in AZ and 90% in MSP based on the marginal probabilities for indoor use in Table 1 ) has not had applications of chlorpyrifos within the past year; and ( 2) that the range of measurements found in Simcox et al. (1995) , Lewis et al. ( 1994) , and Camann and Buckley ( 1994) is from two distinct subpopulations Ð use and potential non -use homes. In the exposure model, it is assumed that potential non -use homes have a lognormal distribution with a median value of 50 ppb and a GSD of 2 (Table 3) . For chlorpyrifos use homes, a lognormal distribution of dust concentrations with median 540 ppb and GSD 3 was used in the pre -NHEXAS model (Table 3 ) . These parameters were based on Camann and Buckley (1994) because that was a population -based study with a large sample size compared to the other two studies. The separate concentration distributions for users and potential non-users resemble Camann and Buckley's results. However, assuming that the percentage of use homes is 10% for MSP and 15% for AZ produces distributions of chlorpyrifos concentrations that are lower than those reported in Camann and Buckley ( 1994) and Lewis et al. (1994) , and similar to those reported in Simcox et al. (1995) . There was not enough information to split chlorpyrifos use into subcategories of household and commercial use. The range of the distribution for households with chlorpyrifos applications is large enough that it should cover both types of use adequately.
Indoor Air Although chlorpyrifos is fairly volatile and has been found to have a relatively short residence time in air ( Atkinson, 1987; Fontaine and Teeter, 1987) , it is often applied in a slow -release product, extending the length of time the chemical is released to the environment. In addition, it is expected that chlorpyrifos levels in air are maintained through resuspension of chlorpyrifos from disturbed surfaces. Chlorpyrifos levels in the home are expected to be highly dependent on the extent to which applications have been made in the household. Distributions for indoor air concentrations of chlorpyrifos were generated for three categories of households: no application in the past year, commercial application in the past year, and household application in the past year. Information on pesticide use (e.g., number of homes that have used commercial services over a longer time frame than 1 year) and the persistence of chlorpyrifos in the environment beyond 1 year is sparse. The NHGPUS was used to determine rates of commercial and household application in the population of AZ and MSP households. Wright et al. ( 1991) indicate that chlorpyrifos may persist in an indoor environment for periods lasting years. Although application of chlorpyrifos outside the home would be expected to increase air levels indoors, this source was assumed to be minimal in the pre -NHEXAS model. It was also assumed that non-use homes will have the same concentration levels as outdoor air. Fenske et al. ( 1990) indicate that there is a vertical profile of chlorpyrifos levels in indoor air, implying different exposure levels based on height of an individual. Lewis et al. ( 1994) provide mixed information about vertical profile, with minimal differences in chlorpyrifos levels averaged over all households, but concentration levels twice as high at lower heights for several weeks after application in the only house with known chlorpyrifos application. For the exposure model, a vertical profile of indoor air is expressed through age of individual, which is expected to be highly correlated with height of an individual. For this reason, indoor air chlorpyrifos distributions were generated separately for individuals 0 ±5 years old and greater than 5 years old. Based on Fenske et al. (1990) and data from Lewis et al. ( 1994) for households with known chlorpyrifos application, concentration levels for individuals 0 ±5 years of age were assumed to be 50% greater than for children over 5 years of age. Population distributions used in the model for indoor air concentrations in chlorpyrifos use homes ( Table 4) were based on a number of studies in the literature (Wright et al., 1988 (Wright et al., , 1991 (Wright et al., , 1994 Fenske et al., 1990; Lewis et al., 1994; Whitmore et al., 1994) . Most of these studies measured levels shortly after application of pesticides and thus are not representative of the households in NHEXAS. Evidence from the literature suggests that, typically, households with chlorpyrifos use have concentrations of around 25 ±400 ng / m 3 , but shortly after application, concentration values may be as high as several thousand nanograms per cubic meter. The wide range for both GM and GSD values used in uncertainty distributions in the model reflects these phenomena.
The studies reviewed indicate that the range of chlorpyrifos levels in the population of households is large. Median indoor air chlorpyrifos concentration for individuals over 5 years of age is assumed to be 50 and 400 ng/ m 3 for household and commercial applications, respectively. Median levels from non-professional applications are lower because it is assumed that non-professional applications are typically more localized, e.g., spot applications where insects are observed, and less concentrated than professional applications in which whole rooms or houses are typically treated with commercial -level concentrations. Standard deviations in these distributions are slightly larger for household applications because it was assumed that there is more variability in household applications compared to commercial applications.
Outdoor Air Population distributions of outdoor air concentrations for the model (Table 5) were based on Carey and Kutz ( 1985) and Whitmore et al. ( 1994) . Because the MSP population was sampled only during the summer months, and sampling in AZ was conducted all year long, the model accounted for seasonal differences in outdoor air concentrations by simulating whether the selected individual was sampled in NHEXAS in the summer (April 15 ±October 15) or winter (October 16± April 14) , and drawing concentrations from the appropriate seasonal distribution (Table 6) .
Estimates of both indoor and outdoor air concentrations of chlorpyrifos in the exposure model were derived from ( 1) population -based studies, and ( 2) other studies that were not population -based and involved small sample sizes. The prevalence of samples in studies that did not detect chlorpyrifos suggested that homes with no recent chlorpyrifos use are highly likely to have very low air concentrations of chlorpyrifos. This expectation is reflected in the small range of uncertainty for potential non -chlorpyrifos use homes included in the exposure model. The populationbased studies were biased in that the cities chosen were selected for the expected amount of pesticide use. Professional judgment was used to select uncertainty distributions based on these considerations.
Intake Rates
Inhalation Rates The chlorpyrifos model includes distributions for inhalation rates by age, gender, and activity level developed by MacIntosh et al. (1995a) (Tables 7 and 8) . These were based on the California Air Resources Board (CARB, 1993) study in which inhalation rates were measured, in both laboratory and field settings, for a nonrandom sample of California residents for 160 human subjects of both genders, different ethnicities, and ages ranging from 6 to 77 years. The chlorpyrifos model samples from resting inhalation rates when individuals are indoors Female 65 + 32 N ( 13, 1.9) N ( 13, 0.33) Tri ( 1.5, 1.9, 2.8) and from active inhalation rates when individuals are either outdoors or at work. It was assumed that ( 1) physiologically, the California residents studied in CARB (1993) are not significantly different from individuals in other parts of the country; and ( 2) sampling uncertainty covers any bias that occurs from using laboratory results. Because it was assumed that the CARB (1993) study is representative of the population of interest, uncertainty was restricted to statistical uncertainty of parameter estimates.
Ingestion of Food
The distributions for chlorpyrifos intake from food for selected age groups ( Table 9) were developed using mean intakes of chlorpyrifos derived from the Dietary Exposure Potential Model (DEPM) (U.S. EPA, 1996) and a GSD derived by MacIntosh et al. ( 1996) . The DEPM was applied using consumption data in the 1994 ± 1996 USDA Continuing Survey of Food Intakes by Individuals (CSFII) and residue data from the U.S. Food and Drug Administration ( FDA) Total Diet Study (TDS; Pennington and Gunderson, 1987; Colditz, 1990; Rimm et al., 1993) .
The minimum and maximum values of the uniform uncertainty distributions for the GM were obtained by running DEPM using zero and 1 /2 the LOD for observations below the LOD, respectively. The uncertainty distribution for GSD was based on professional judgment, and was assumed larger for children because the estimated GSD was derived from a study of adults.
Ingestion of Soil and Dust
The model estimates total ingestion of outdoor soil and indoor dust and then apportions the total between soil and dust. Because soil ingestion is believed to be a function of age ( Kimbrough et al., 1984; Calabrese et al., 1989 ) , the chlorpyrifos model uses two distributions for soil ingestion Ð one for individuals aged 0 ± 12 years (children) and one for individuals 13 years and older ( adolescents and adults) (Table 10) . Based on the analysis in Thompson and Burmaster (1991) , the chlorpyrifos model assumes that soil ingestion rates are lognormally distributed. For children, the chlorpyrifos exposure model uses a lognormal distribution for soil and dust ingestion rate based on three studies with similar median ingestion rates, ranging from 25 to 60 mg /day over both Al and Si tracers ( Calabrese et al., 1989; Davis et al., 1990; Thompson and Burmaster, 1991) . Because of the similarity in results among the studies, which were carried out in different sections of the country, it was assumed that the data are valid for individuals in MSP and AZ. The GM of the six estimated median values from the studies was used as the GM of the lognormal soil ingestion rate distribution for children, and the mean of the six estimated variances was used to calculate the GSD. The uncertainty distribution for the median was defined as a mixture of two normal distributions Ð one for the Al tracer and one for the Si tracer. The Al tracer consistently provided lower estimates of soil ingestion than the Si tracer over all three studies, indicating a bias in estimation for one or both of the tracers. Because no information was available on which tracer is more reliable, both tracers were regarded as equally valid and the uncertainty distribution draws from each distribution equally. The uncertainty distribution for the GSD presumes that the true GSD is within the range of the estimated GSD found by either tracer in the three studies. A triangular distribution was used because it was assumed that the GSD is more likely to be in the middle of the range of estimated GSDs.
Since little is known about the distribution of soil and dust ingestion rates in adults, the shape of the distributions was assumed to be lognormal as for children. The GM of the distribution for adolescents and adults was assumed to be 50% of the GM for children, based on Calabrese et al. (1990) . The uncertainty distribution for the median was restricted to the statistical variability in the estimate. Since Hawley ( 1985) estimated that the amount of soil and dust ingested by adults can be large (480 mg / day) during yardwork and other outdoor activities, the same GSD and GSD uncertainty distribution was used for adults and children.
Exposure Factors
Fraction of Soil Ingested Data presented in Stanek and Calabrese (1992) indicate that the relative amounts of soil and dust ingested (represented in the model by FS; see Equations A ±2 and A ±3) are highly variable both among and within individuals. The estimated average percentage of soil from total soil and dust ingested was 50% (SD 29%) . Based on these data, a uniform distribution ranging from 0.25 to 0.75 was used as the uncertainty distribution in the model for all individuals ( Table 10) .
Body Weight Burmaster et al. ( 1997) used data from the second National Health and Nutrition Examination Survey ( NHANES II; NCHS, 1987) , adjusted for non -response and probability of selection, to determine lognormal body weight distributions for individuals up to 20 years of age for both males and females. Brainard and Burmaster ( 1992) used the same data to estimate the lognormal distributions for adults, and discovered that female adults could be better represented by a mixture of two distributions. It was assumed that for females distribution A comprises 46% of the popuation and distribution B comprises 54% of the population. The distributions from these two studies were used in the chlorpyrifos exposure model (see Tables 11 and  12 ) . Female adult body weights were generated in the model by first randomly selecting which lognormal distribution represented the individual and then selecting a body weight value from the selected distribution.
To compensate for use of a population -based survey of the nation to represent the model populations, calculations of uncertainty in estimates of the GM and GSD of the lognormal distribution assumed a sample size that is only 20% of the original sample size for the national study.
Surface Area /Body Weight Ratio Phillips et al. ( 1993) found, based on a subset of data by Boyd (1935) selected by Gehan and George ( 1970) , that a strong correlation between surface area and body weight suggests that simulated individuals should not be derived from two independent distributions. They also found that no significant differences existed between ethnic groups or gender, but that individuals could be categorized by surface area to body weight ratio into three age groups: 0 ±2 years, 2 ±18 years, and 18 + years. The distributions of the agedependent ratio presented in Phillips et al. ( 1993) were used in the chlorpyrifos exposure model (Table 13 ). The data were assumed to be representative of the populations of MSP and AZ and it was assumed that only statistical variability in the estimates of mean and variance is a source of uncertainty.
Dermal Contact Event Frequency A dermal contact-event frequency of either 0 or 1 was assumed with a probability of 0.5 that an event occured on the day of interest. A dermal contact event frequency of 0.5 with uncertainty distribution uniform ( 0, 1.0) (Table 14) was based on judgments regarding soil contact activities such as gardening and playing outdoors (U.S. EPA, 1992d) .
Soil -and Dust-to -Skin Adherence Factor The uniform uncertainty distribution for the soil -to -skin adherence factor (0.02± 1.5 mg / cm 2 ; Table 15 ) was based on studies reviewed in U.S. EPA (1992d EPA ( , 1997 . The same value was assumed for dust -to -skin adherence. The studies are based on limited data, and suggest that adherence is influenced by soil and dust properties and varies by body part and activity level.
Fraction of Skin Dermally Contacted
The population estimate of 0.25 for fraction of skin dermally contacted is based on the assumption that individuals wear shoes, shorts, and short -sleeved shirts (U.S. EPA, 1992d) . To account for differences in clothing and behavior of individuals, a triangular uncertainty distribution of ( 0.1, 0.25, 0.75) was used (Table 16 ) .
Absorption Factors
Inhalation Absorption Fraction The U.S. HHS ( 1995) found no information on absorption of chlorpyrifos via inhalation and suggests that absorption is likely to be very high since vapor-phase chlorpyrifos is the common form of chlorpyrifos in air ( although breathing chlorpyrifos in resuspended particulate matter may be a more significant exposure pathway for time frames longer than hours or days) . Fenske et al. (1990) used an absorption factor of 100% for inhalation of chlorpyrifos. Thus, an absorption fraction of 1.0 was used in the chlorpyrifos exposure model, with a uniform uncertainty distribution ranging from 0.8 to 1.0 (Table 17) . Nolan et al. (1984) reported that in a study on humans, 70% of an ingested dose of chlorpyrifos was absorbed in 48 h. Bakke et al. ( 1976) , Ahadaya et al. ( 1981) , and Smith et al. (1967) found that 90% of an administered dose of in an acute oral exposure was absorbed in rats. Thus, a constant absorption value of 0.7 was used for all simulated individuals and ingested media in the chlorpyrifos exposure model (assumes that the variation between individuals in the population is small) , with a uniform uncertainty distribution ranging from 0.5 to 0.9 (Table 17) .
Ingestion Absorption Fraction
Dermal Absorption Fraction for Soil and Dust Dermal absorption from pesticides in soil or dust depends on skin loading, age of soil or dust, and a number of other factors. Based on U.S. EPA ( 1992d) and Duff and Kissel ( 1996) , distributions are assumed as in For the simulated AZ and MSP populations, the major route of chlorpyrifos intake was food ingestion and the second most significant route was indoor air. The relative contributions of dermal uptake and intake via soil and dust contact and ingestion were small. Figure 1 illustrates the contribution of absorbed chlorpyrifos dose by exposure pathway for all individuals in the simulated NHEXAS -AZ population ( combined use and potential no -use home results for AZ from Table 18 ) using the 10,000 single-stage Monte Carlo runs. The dietary ingestion route is the most significant route, followed by indoor and outdoor air inhalation, dermal dust contact, dust ingestion, dermal soil contact, and soil ingestion. The dermal contact and non -dietary ingestion routes are generally one to four orders of magnitude lower than the inhalation route. Based on the coefficient of variation, indoor air inhalation and dust ingestion are most variable relative to the mean, primarily because of variability in concentrations due to use or potential non-use of pesticides. These results are the same for the NHEXAS-MSP model simulations. Uncertainty analyses for the NHEXAS -AZ simulated absorbed doses are illustrated in Figure 2 . One thousand individuals were simulated for each of 100 realizations of uncertainty parameters. Cumulative density functions ( cdfs) are shown for the 10th, 50th, and 90th percentiles of the 1000 individuals' aggregate absorbed doses from the 100 uncertainty runs; thus, each of the three lines represents 100 values. The z-score values on the x -axis, plotted to illustrate lognormal distributions, indicate the probability that a percentile of the population has a certain absorbed dose. For example, a z-score of 1.645 for the top cdf line of the figure corresponds to a 95% probability that the 90th percentile of the population has an aggregate absorbed dose of 0.33 g /kg /day. Figure 2 reveals a factor of 10, 14, and 32 for uncertainty in the model's ability to predict the 10th, 50th, and 90th percentiles, respectively. This overall uncertainty reflects the uncertainties assigned to the individual model input parameter distributions.
Discussion
The primary purpose of this paper was to present a modeling framework for predicting absorbed chlorpyrifos dose in NHEXAS AZ and MSP individuals. The initial chlorpyrifos exposure assessment conducted with this model identified dietary ingestion and inhalation of indoor air as the primary exposure routes. Model input distributions were developed from the existing literature, rather than from data collected in the NHEXAS field studies. When the NHEXAS measurements become available, the measured environmental concentrations will be compared to the distributions that were developed from pre -NHEXAS study publications, and the biomonitoring results will be compared to the doses that were modeled in order to test the adequacy of this initial pre -NHEXAS model assessment. If the modeled results do not compare to the measured exposures of NHEXAS AZ and MSP individuals, the input distributions can be refined based on the NHEXAS questionnaire and measurement data, and the model rerun for further evaluation of the model framework.
An advantage of the two-stage Monte Carlo construct is the model's ability to quantify both variability and uncertainty in modeled estimates. The variability in the model results reflects the difference in activity patterns, exposure factors, and concentrations contacted by individuals during their daily activities. The greatest source of uncertainty in the model stems from assumptions of use and potential non -use households. Although few data were available to determine probabilities of homes with and without recent pesticide applications, and to fit distributions for concentrations in use and potential non -use homes, there is some evidence to claim that there is a difference between use and potential non-use homes and what typical numbers might be. The problem is that these numbers change over time so some use homes will have very high levels because of samples shortly after application and others with much lower levels as chlorpyrifos degrades.
The weaknesses in the use /potential non-use probabilities are lack of data on the percentage of all commercial visits that used chlorpyrifos and more importantly, that`p otential non -use'' in the model was defined as no use in the past year (based on the NHGPUS) . Because chlorpyrifos persists in the residential environment for longer than a year, the modeled estimates are likely to be low. A more reasonable definition of potential non-use would be that chlorpyrifos has not been applied in a time period representative of its breakdown or dissipation time in the 1 0 t h p e r c e n t i le 5 0 t h p e r c e n t i l e 9 0 t h p e r c e n t i l e Figure 2 . Uncertainty analyses for AZ.
Journal of Exposure Analysis and Environmental Epidemiology (2001) 11(3)environment. Temporal monitoring of indoor and outdoor chlorpyrifos concentrations, along with longitudinal residential pesticide usage information to determine such an appropriate time duration, is not yet available. Clearly, more information on residential pesticide usage and microenvironmental concentrations measured at different post -application times would be helpful in refining and evaluating pesticide exposure models such as the one presented here.
